Abstract
Introduction
Yield and reliability are two major issues for the commercialization of MEMS technologies. With the commercialization of MEMS devices, their reliabilities must be thoroughly studied. Second, MEMS will be integrated into System-on-Chip (SoC) design very soon, so the reliability of an entire SoC cannot be guaranteed if the reliability of MEMS is low. Further, MEMS is finding more and more applications in safety-critical areas, such as aerospace, medical instruments, etc. For these applications, extremely high reliability is required. For example, during the launching process of a rocket, the failure of a tiny MEMS device may easily lead to unpredictable disasters. An unreliable bioMEMS chip embedded inside human body can be a serious threat to the health and may lead to the loss of life. Thus, reliability research for MEMS in safety-critical applications is an especially urgent need.
Efforts on MEMS failure mechanisms and reliability research have been reported [1] - [6] . In [1] , a comprehensive analysis on various MEMS defect sources, failure mechanisms and how they affect the MEMS reliability have been proposed. In [2] [3], the MEMS material fatigue and aging under long-term cyclic loading has been discussed. In [4] [5] , MEMS reliability under shock and vibration environments has been explored. In [6] , efforts have been made to explore the physical mechanism of stiction in surface micromachining and its impact on MEMS reliability. Although its importance has been widely recognized by researchers, MEMS reliability research still remains in its infant stage. Multiple energy domains are generally involved in the working principle of MEMS devices. Moreover, most MEMS devices contain movable components. Hence, MEMS devices are vulnerable to much more defect sources during its fabrication process and in-field usage compared to VLSI chips. This makes MEMS reliability research a challenging work. The understanding of various MEMS failure mechanisms is also non-trivial. Many MEMS failure mechanisms are unclear yet. The interaction among different MEMS failure mechanisms and its influence on MEMS reliability are not well discussed. Furthermore, most of the MEMS reliability analysis methods are still qualitative. A well-developed quantitative MEMS reliability model is not available.
In this work, we develop a MEMS reliability model which can be used to quantitatively evaluate the reliability of MEMS devices. The reliability model has been applied to quantitatively assess the reliability of our previously proposed self-repairable MEMS accelerometer [7] . Based on this model, we evaluate the reliabilities of both BISR (built-in self-repair) and non-BISR MEMS accelerometers under shock environments.
A comparison of the simulation results demonstrates that the BISR design leads to an effective reliability enhancement when compared to the non-BISR device. Although here we analyze the MEMS reliability under shock environments as an example, the reliability model and the research strategies can also be applied to other MEMS devices under other failure mechanisms (e.g., material fatigue, stiction) in a similar way.
Reliability Analysis of Non-BISR/BISR MEMS Accelerometers
MEMS comb accelerometer device 1 contains a large number of finger groups which are necessary to ensure enough signal strength. However, the large number of finger groups unavoidably leads to the decrease in yield as well as reliability. In [7] , we proposed a built-in self-repairable MEMS comb accelerometer device 3. The device consists of six identical modules (for example), and each module has its own beams, mass and finger structures (fixed and movable). By assumption, four modules are connected together as the main device, while the remaining two modules serve as redundancy. The movable parts of each module are physically connected to those of adjacent modules through the common anchors, and signals sensed by all movable fingers in the device are connected to the sensing circuit directly. However, the fixed fingers of each module are connected to the modulation signal circuit through switches made of analog MUXes. By turning on or off these switches, we can determine whether a module works as part of the main device or the redundant device. If a module is tested as faulty, the control circuit will permanently exclude the module from the main device and replace it with a good redundant module (if there is any). Thus, after repairing, the main device can still be ensured to work properly. Because each module has its own independent beam and mass structure, a faulty module does not affect the function of other modules. For example, even if the movable part of one module is broken or stuck to substrate, the movable parts of other modules can still move freely and work jointly to ensure the function of the main device. Our previous analysis in [7] demonstrates that the BISR design leads to effective yield increase. In this paper, we will develop a reliability model and evaluate the effectiveness of reliability enhancement due to the BISR design. In the following discussion, we call the MEMS comb accelerometer with (without) the BISR feature as a BISR (non-BISR) accelerometer. In order for a fair comparison, we assume that the total number of finger groups of the non-BISR accelerometer should equal to that of the main device in the BISR accelerometer.
Basic Concepts of Reliability
Reliability is the probability that a component, equipment, or system will perform the required function under different operating conditions encountered for a stated period of time [8] . The reliability function is denoted by R(t) (0 ≤ R(t) ≤ 1) where t is time. The larger the reliability function value is, the more reliable the component, equipment or system will be. Meanwhile, the unreliability Q(t), or the probability of failure, is defined as the probability that a component, equipment, or system will not perform the required function under the operating conditions encountered for a stated period of time t. Apparently, we have R(t) + Q(t) = 1. The failure rate λ is expressed as the ratio of the total number of failures to the total operating time:
where K is the number of failures and T is the total operating time. The Mean Time To Failures (MTTF) is the reciprocal of the failure rate: MT T F = 1 λ . In reality, the failure rate λ is generally the function of time. The failure rate λ(t) of mechanical components, VLSI chips and MEMS devices follows the behavior of a bathtub curve [8] .
There are several standard probability models available for describing the reliability of a system [8] . Among them, the exponential reliability model is most frequently used. The reliability function R(t) is expressed as
where λ is the failure rate and t is the time period. The unreliability Q(t) is therefore
The above reliability models describe the reliability of an individual component. However, sometimes we also need to evaluate the reliability of a system consisting of multiple components. Depending on the configuration of a system, different system reliability models (such as series, parallel, and k-out-of-n, etc.) are available [8] . The k-out-of-n redundancy reliability model is very useful for the reliability analysis of our BISR MEMS device. A k-out-of-n redundancy system consists of n modules, among which at least k modules need to be fault-free in order for the whole system to work properly. In other words, a maximum of n − k faulty modules are allowed without losing the function of the whole system. Our BISR comb accelerometer [7] is exactly an example of k-out-of-n reliability model. If the BISR accelerometer contains n modules in the main device and m redundant modules, it is a n-out-of-(n+m) model. Assume the reliability of each component as R c . The reliability R tot of the k-out-of-n redundancy system is given as below [8] 
Assume the failure rate of each component as λ, the MTTF of the system can be calculated as [8] MT The structural diagram of the non-BISR MEMS accelerometer [7] [9] for this analysis is shown in Figure 1 , and its corresponding reliability model is shown in Figure 2 . As shown in Figure 1 , the non-BISR device consists of four beams, one mass, N number of movable fingers, 2N number of left/right fixed fingers, and four anchors. All these components must be fault-free in order for the entire device to function correctly. If any of these components becomes faulty, the whole device will malfunction. For example, if one of the beams is broken, a movable finger is stuck to the corresponding fixed finger, or the mass is stuck to the substrate, then the device will not be able to work properly. Although the fixed components such as anchors and fixed fingers are less likely to be faulty than the movable components, they also must be fault-free in order to ensure the proper function of the device. For example, if one left fixed finger is shorted to its neighborhood right fixed finger, this will lead to a short circuit to the signal detection circuit. Or, if an anchor is lifted off the substrate, the device structure will be unstable. Thus, the reliability of a non-BISR device can be described as a series model, as shown in Figure 2 . Since the four beams have exactly the same dimension and equal loading, we assume all four beams have the same reliability R b . Similarly, we assume the reliabilities of the mass and each movable finger as R m and R f separately. The reliabilities of one fixed finger and one anchor are denoted as R ff and R an individually. Finally, the reliability of the entire non-BISR device can be expressed as
Reliability Model of Non-BISR MEMS Device
In reality, movable components of the MEMS device are vulnerable to more defect sources when compared with fixed components. Thus, the reliabilities of fixed components can be much higher than those of movable components. The defects of fixed components mainly result from device fabrication. The devices with catastrophic defects in fixed components can be filtered out during manufacturing test. During in-field usage, it is less likely for the fixed components to develop new defects compared to the movable components. Thus, in the following discussion, we will mainly concentrate on the reliability of the movable components, and the reliability of the fixed parts can be treated as constant 1. In this way, the reliability of the non-BISR device can be expressed as
From the reliability model of the non-BISR device, we can see that the major threat to the device reliability comes from the large index (i.e., N ) of R f . For example, if the reliability of a single movable finger is 0.99 and N equals 42, this will reduce the entire device reliability to 0.656 even though the beam and mass are assumed perfect. This is the major impetus for us to implement the redundancy repair technique for MEMS comb accelerometers. By modularizing the device, each module contains a smaller number of comb fingers. The reliability of each module will be higher than the original non-BISR device. By implementing the redundancy repair technique, even higher reliability can be achieved for the entire device.
Assume the failure rates for the beam, mass and finger as λ b , λ m and λ f separately. The reliability functions of the beam, mass and finger can be expressed as
Hence, the reliability function of the non-BISR device with respect to time t is
where the failure rate λ nsr of the non-BISR device is
Once we know the failure rates λ b , λ m and λ f , we can derive the reliability of the non-BISR device at certain time t based on the equation for R nsr (t). The structural diagram of the BISR comb accelerometer [7] is shown in Figure 3 and its corresponding reliability model is shown in Figure 4 . The BISR comb accelerometer consists of six identical modules. In each module, it consists of four beams, one smaller mass, (N/4) number of movable fingers, (N/2) number of left and right fixed fingers, and four anchors. Note that N is the number of movable fingers for the non-BISR device. Again, the reliability of each module can be described with a series model. Assume the reliabilities of each beam, movable finger and mass as R br , R fr and R mr separately, and the reliabilities of each fixed finger and anchor as R ff and R an individually. The reliability R mod of each BISR module can be expressed as
Reliability model of BISR MEMS device
Similarly, if we only concentrate on the reliability of movable components, the reliability of each module can be expressed as
Assume the failure rates for the beam, mass and finger of each BISR module as λ br , λ mr and λ f separately. The reliability functions of the beam, mass and finger can be expressed as
Hence, the reliability function of the entire BISR module is
where the failure rate λ mod of each module is
The unreliability Q mod of each module is Q mod (t) = 1 − R mod (t).
There are totally six identical modules in the BISR comb accelerometer. Among them, only four modules are required to be fault-free to ensure the proper function of the device. The reliability of such a system can be calculated using a k-out-of-n redundancy reliability model. The reliability R sr of the BISR accelerometer can be expressed as
This is the reliability function of a 4-out-of-6 redundancy BISR comb accelerometer. For the general case, assume there are n number of modules in the main device and m number of modules as redundancy. The reliability of the BISR accelerometer can be expressed as
Reliability Enhancement and Reliability Analysis
After we have developed the reliability models for both non-BISR and BISR MEMS devices, we can derive the reliability increase IR(t) due to redundancy repair by
IR(t) = R sr (t) − R nsr (t).
In the BISR MEMS comb accelerometer, the large number of comb finger groups are divided into several modules. Each module contains a smaller number of comb finger groups, and thus the risk for each module to be faulty is lowered. The redundancy further improves the reliability of the BISR device. However, compared to the original non-BISR device, the BISR device contains more beams. This will lead to the decrease of the reliability. The net reliability increase or decrease depends on the interaction between these counteracting factors. In fact, the reliability of a MEMS device is tightly linked to the corresponding defect sources and failure mechanisms. Different failure mechanisms lead to different device reliability behavior.
In order to evaluate the MEMS reliability, it is important to look into the possible MEMS failure mechanisms. In the following MEMS reliability analysis, we evaluate the reliabilities of example designs for both non-BISR and BISR devices under shock environment, and assume fracture as the major failure mechanism. The non-BISR device has a beam width of W bnsr = 3.2μm. For the BISR device, we consider two cases [10] : (1) . BWC device: the BISR device with Beam Width Compensation (i.e., shrinking the beam width to compensate the sensitivity loss due to BISR design) with W bbwc = 2.0μm = 0.63W bnsr . (2). EFC device: the BISR device with Electrostatic Force Compensation (i.e., using electrostatic force to compensate the sensitivity loss) with W bef c = 3.2μm = W bnsr . The design parameters of both the non-BISR and BISR devices are shown in Table 1 . 
The Reliability of MEMS Accelerometer in Shock Survival
In MEMS reliability research, it is very important to understand various failure modes and mechanisms for MEMS. Based on these, one can develop reliability models to quantitatively evaluate the MEMS reliability of each individual failure category, and find out the corresponding ways to improve the MEMS reliability. Some typical MEMS failure mechanisms [1] include material fatigue, mechanical fracture, stiction, wear, delamination, residual stress, etc. Further, environmentally induced failure mechanisms [4] [5] are also important in MEMS failure. For example, shock, vibration, humidity, particle contamination, electrostatic discharge, etc. In this paper, we will focus our MEMS reliability under shock environment.
MEMS devices are designed to measure acceleration or other physical changes in a certain range. For example, MEMS accelerometers for automobile airbag deployment are designed to measure acceleration range between ±50g. However, during the in-field usage, it cannot be guaranteed that the device will not experience acceleration beyond this range. Actually, in the lifetime of an accelerometer, it will always experience several times (or even more) of accidental shocks with extremely high acceleration [11] . In order to ensure high reliability, the device must be able to stand such accidental high-level shocks. Thus, it is very important to measure the device reliability under such high shocks. MEMS reliability under high shock environment has been researched recently [4] [11] [12] . In [11] , the mechanical drop reliability test for ADXL50 accelerometers used a minimum of 4000g shock from 1m dropping onto concrete within 250ms. They also measured the device reliability in withstanding high accelerations in z-axis (direction perpendicular to the device plane) on a 30,000g (294, 210m/s 2 ) acceleration [11] . This value was chosen based on the maximum acceleration applied during centrifuge testing of the accelerometers. In [4] , in order for the reliability test of a surface-micromachined micro-engine in shock environments, haversine shock pulses with widths of 1 to 0.2ms in the range from 500g to 40,000g were used. Thus, in our experiment, we will also evaluate the shock reliability of both non-BISR and BISR devices in response to shock levels from 500g to as high as 80,000g.
Shock can lead to the lift-off of a microstructure from the bonded surface. It can also lead to the adhesion and stiction of a movable microstructure to the substrate or fixed components. Intensive shock can also lead to the fracture of MEMS structures. The fracture behavior in turn can be described with Weibull fracture probability distribution [13] . Shock may lead to different results depending on its direction and strength. For example, a Z-axis shock toward +Z direction may lead to the fracture of a beam, while a shock along -Z direction may lead to the contact of movable components to the substrate. A shock toward X direction may lead to the contact and stiction of movable fingers to fixed fingers. However, a shock in Y direction can be less destructive except it is very strong. A MEMS reliability analysis in shock environments will be studied in detail for both non-BISR and BISR accelerometers in the following discussion.
Assumptions
In order to simplify the problem, we made several assumptions in the following discussion. First, we only consider the case of a negative Z-axis shock. That is, the shock acceleration is along the direction perpendicular to the device plane, and point to the negative Z direction. As a result, the movable microstructure will deflect along positive Z-axis, as shown in Figure 5 . For a shock along the positive Z direction, it will lead to stiction between the movable structure and the substrate. Second, during high acceleration shock period, a packaged MEMS device may fail due to various defect sources. For example, the wire-bonding may be lifted off the anchor, or the debris/particles sealed in the package may fall out and move to capacitance gaps of the accelerometer, etc. These various defect sources may cause the device to be faulty in lower acceleration shock levels. However, for simplification, in this research we only concentrate on the structure fracture due to a large stress caused by the large displacement in high-g shocks. Since both ends of each beam are the most stress-concentrated area in MEMS comb acceleration, the structural fracture will first occur at the ends of each beam. Third, we ignore the air damping effect in the shock testing. But, we need to be aware that the air-damping effect may slightly alleviate the amplitude of the mass movement. Hence, it will help increase the durability of MEMS devices to high-g shocks. However, because the viscosity coefficient of air (gas) is very small, this effect is not significant, especially compared to the high-g shocks. Thus, air-damping effect will not be considered in our reliability comparison. Fourth, we assume both non-BISR and BISR devices are unpowered when the Z-axis shock is experienced. This means the devices will not have electrostatic force and the deflection of the movable microstructure is purely due to the applied acceleration shocks. Further, in traditional reliability models, the long-term reliability of a device is a function of time t. However, here we discuss the reliability of the device under an accidental shock event. Thus, we will use shock reliability R f , which is the probability that a device can stand a given shock acceleration without fracture, to measure the device reliability. In this way, our device reliability R f is not a function of time t. 
Reliability Analysis for Shock
In [13] , the Weibull fracture probability function P f and the expected mean fracture stress σ f of a lateral accelerometer structure were derived. In a similar way, we can calculate the P f and σ f of our accelerometers. Since there is no frame tether in our accelerometer design, if we only consider the fracture behavior of one beam, there are two identical beam flank surfaces, i.e., the right and left side-walls of the beam. Thus, the Weibull fracture probability P f of one beam can be expressed as
where W b and L b are the width and the length of the beam, m is the Weibull modulus, σ max is the maximum stress in the beam when it is deflected under a given shock acceleration, and σ 0 is a normalizing factor. The Weibull modulus m and the normalizing factor σ 0 are extracted by fitting the chi-squared method to the experimental measurement data [13] . For a given beam, its W b , L b , m and σ 0 values are fixed. Thus, a larger maximum stress σ max will lead to increased fracture probability P f . When a MEMS accelerometer deflects under a given shock, the stress distribution is not uniform. For example, the beams experience a larger stress when compared to the mass due to larger deformation. Fracture is most likely to occur first in the region with the maximum stress level. Thus, the device fracture probability will be decided by the maximum stress in the device structure, which is somewhere in the beams. The maximum stress σ max in the beam under a given acceleration shock can be extracted by ANSYS simulation. For reliability analysis, first we extract the maximum stress in the non-BISR device and one BISR module respectively using ANSYS, in response to a given acceleration. Then, we use the Weibull distribution function to derive the fracture probability P fbnsr of one beam for the non-BISR device, and the fracture probability P fbmod of one beam in a BISR module. The shock reliability, R fnsr , of the non-BISR device under a given shock acceleration, can be calculated as:
The shock reliability R fmod of one BISR module can be derived by:
The reliability of the entire BISR device can be calculated based on the 4-out-of-6 redundancy reliability model derived before by:
The z-shock reliability increase IR of the comb accelerometer can be calculated by
The above discussion gives our strategy to evaluate the reliabilities of both non-BISR and BISR devices for a shock failure mechanism. Assume an equal shock acceleration is applied to both BISR and non-BISR devices. Compared to the non-BISR device, the EFC-BISR module gives smaller amount of displacement in the unpowered condition due to the reduced sensing mass, which leads to the reduced maximum stress σ max . For each BWC-BISR module, the shock acceleration gives the same amount of displacement as the non-BISR device due to beam width compensation. However, because the beam width is shrunk, the maximum stress σ max is also reduced due to beam width shrinking. Thus, for both EFC and BWC BISR modules, the fracture probability of one beam will be reduced. That is, P fbmod ≤ P fbnsr . The redundancy repair will lead to further reliability enhancement, and we can expect reliabilty R sr to be larger than R nsr .
Reliability Analysis Result
We used ANSYS simulation to extract the maximum stress σ max values corresponding to about 30 different Z-axis shock accelerations from 0g to 10 5 g. Based on these data, we can calculate the Weibull fracture probability (P f ) and the shock reliability (R f ) values for non-BISR and BWC/EFC BISR devices corresponding to each individual shock acceleration. Relationships for the Weibull fracture probability of one beam versus each Z-axis shock acceleration for non-BISR/BISR devices are shown in Figure 6 . The plots of the simulated Z-axis shock reliability versus each shock acceleration of non-BISR/BISR devices are shown in Figure 7 . From Figure 6 , it is clearly shown that the fracture of the beams of the BISR modules occurs at much higher acceleration, compared to the non-BISR device. That is, the maximum Z-axis shock acceleration the accelerometer can withstand is greatly extended due to the redundancy repair design.
As shown in the Figure 7 , the shock reliability of the EFC BISR device is larger than that of the BWC BISR device, and both are larger than the non-BISR device. This result is intuitive because, in each BISR module of both BWC and EFC devices, the mass is reduced to 1/4 that of the non-BISR device. In the BWC BISR device, the beam thickness remains the same, but the beam width is shrunk to 0.63 that of the non-BISR device. That is, the Z-direction spring constant reduces to 0.63 that of the non-BISR value. This translates to a smaller Z-direction displacement and smaller maximum stress in the BISR device under the same Z-axis acceleration input. For the EFC BISR device, the beam spring constant remains the same as that of the non-BISR device. Thus, the maximum stress for the EFC BISR device is even smaller than that of the BWC BISR device. Hence, the maximum Z-axis acceleration shock the BISR devices can withstand is greatly increased. We can see that if the Z-shock acceleration falls into the range between the mean fracture stress of non-BISR device and BISR devices, a (maximum) reliability increase as large as 1 can be achieved due to the BISR design. 
Conclusion and Future Research
In this paper, a quantitative MEMS reliability model has been developed. Based on this reliability model, the reliabilities of both non-BISR and BISR MEMS comb accelerometer devices under shock environment have been assessed. The Weibull fracture probability function has been used to evaluate the fracture probability of MEMS accelerometers under Z-axis shock acceleration. The simulation results demonstrate an effective reliability enhancement for both the BWC and EFC BISR comb accelerometers, compared to non-BISR design. This verifies the effectiveness of the BISR design in MEMS reliability improvement. The MEMS reliability analysis under other failure mechanisms (such as material fatigue, stiction.) has also been explored. The corresponding results will be published separately. In the future research, we will consider the effect of process variation on MEMS reliability, such as the effect of beam width variation, material mechanical property variation, etc. We will also try to further improve our MEMS reliability model to account for other MEMS devices under various failure mechanisms. In this way, the reliability model can be used to assess and predict the MEMS reliability for various MEMS devices under various failure mechanisms. It can also guide us in improving the MEMS reliability for safety-critical applications.
